Grammatophyllum speciosum orchid plants were grown both on the ground and on trees under high light (HL) and low light (LL) conditions in Pasir Ris Park, Singapore. This paper studied photosynthetic energy utilization investigated by chlorophyll (Chl) fluorescence and photosynthetic pigments; plant water status measured by leaf relative water content (RWC) and stomatal conductance (g s ). All plants had midday leaf RWC greater than 80%, indicating no severe water deficit occurred in any plants. Except for plants grown on trees under LL, midday depression of F v /F m ratios occurred in all other plants, indicating dynamic photoinhibiton. There was no chronic photoinhibition in any plants as F v /F m ratios recovered to healthy level at early morning. Grown on the ground under HL, G. speciosum had higher photochemical quantum yield (∆F/F m ' ), greater electron transport rate (ETR) and non-photochemical quenching (NPQ), indicating their higher efficiency in utilization and dissipation excess energy. Plants grown on the ground under HL had lower Chl and Chl/Car ratio, but higher content of carotenoids and Chl a/b ratio compared to the other plants, implying their acclimation to HL conditions. The highest g s was recorded at 1000 h, suggesting the avoidance of drought stress by widely opening stomata only for a short period of time in the early morning. Higher g s was related to higher leaf temperature, indicating that the role of g s in moderating leaf temperature. Understanding the effects of growth irradiance on photosynthesis of G. speciosum would be an important step towards a sustainable conservation of native orchids in Singapore.
Introduction
Orchids can be found thriving in many terrestrial ecosystems, especially the tropics. Their modes of growth are epiphytic, litophytic and terrestrial (Roberts & Dixon, 2008) . They can vary in size and weight. The world's biggest orchid, G. speciosum, also known as the tiger orchid, can weigh up to several tons and span several metres. This orchid is widely distributed in Southeast Asian countries such as Indonesia, Malaysia, Thailand and the Philippines. Though it is once a native species in Singapore, it has gradually become extinct due to habitat loss. As part of Singapore's orchid conservation program, G. speciosum has been reintroduced into the country's natural and urban settings (Yam, Chua, Tay, & Ang, 2010) . Currently, it is cultivated both on the ground and on trees of some parks. In general, these tiger orchids appear healthy; more than 80% are growing well and quite a number of them flowered in 2013 (Yam, 2013) . However, certain G. speciosum plants show visible signs of leaf yellowing, which could be caused by a combination of excess light irradiances and insufficient water.
Excessive light is one of the environmental stresses experienced by orchid plants . When plants capture more light than what they could use in photosynthesis, they are likely to undergo dynamic photoinhibition that is defined as reversible reduction in light utilisation efficiency to avoid photoinhibitory damage on the photosynthetic systems (Chow, 1994; Osmond, 1994) . On the other hand, long term exposure to high irradiance, photooxidation will occur, resulting in photobleaching of Chl and chloroplast damage (Osmond, 1994) . These effects, in contrast are irreversible and pose long term damage to the photosynthetic apparatus (Osmond, 1994) . Drought stress coupled with high light occurs when water supply is insufficient to sustain plant growth. The effects of drought stress include reduction in growth rate (Ashraf, 2010) decrease in water content and cell turgor potential (Gomes et al., 2008) , closure of stomata (Pinheiro & Chaves, 2011) and decline in photosynthesis (Herbinger et al., 2002) .
Using G. speciosum orchids grown both on the ground and on trees under HL and LL in Pasir Ris Park, Singapore, the main objectives of this project were to study photosynthetic utilization of radiant energy by the measurements of Chl fluorescence and photosynthetic pigments. Studies of water status measured as midday leaf RWC, g s and leaf temperature were also included in this paper. Understanding the effects of growth irradiance on photosynthesis of G. speciosum under natural conditions would be an important step towards a sustainable conservation of native orchid in Singapore.
Materials and Methods

Plant Materials
Mature plants of G. speciosum planted by National Parks Board (NParks) Singapore in Pasir Ris Park were used in this study. The orchid plants were grown both on the ground and on trees under HL and LL conditions in October 2010. Trees on which the G. speciosum were grown were the rain trees, Albizia saman (syn. Samanea saman). Each tiger orchid has a stem length of 2 metres and had an initial size of 10 pseudobulbs on the ground and 30 pseudobulbs on trees. These orchids were neither watered nor fertilized after planting in the park. The maximal PPFD and ambient temperature in the park ranged between 200 to 1500 μmol m 
Measurement of Photosynthetic Photon Flux Density (PPFD)
PPFD was measured using a photosynthetically available radiation quantum sensor (SKP 215, Skye Instruments Ltd, Llandrindod, UK) by placing it beside the leaves of each species. 
Measurement of Midday RWC
Leaves under different growth conditions were each punched into 5 discs (1 cm diameter) and immediately weighed with an analytical balance to determine FW. The leaf discs were then floated on water in the dark for 24 hours prior to measurement of their saturated weight (SW). The samples were thereafter dried in the oven at 80° C for 72 hours to obtain their DW. RWC was expressed as RWC = (FW-DW)/(SW-DW) x 100%. 
Measurement of Chl
Measurements of Different Chl Fluorescence Parameters
Leaves were harvested at 0900h for Chl fluorescence analysis. The effective photochemical quantum yield (∆F/F m ' ), electron transport rate (ETR) and non-photochemical quenching (NPQ) were determined using the Imaging-PAM Chl Fluorometer (Walz, Effeltrich, Germany) at 25°C in the laboratory. Leaves were pre-darkened under a piece of black cloth for 15 min prior to measurements. By using the PAM Chl Fluorometer, images of fluorescence emission were digitized within the camera and via a Firewire interface (400 megabits/s) (Firewire-1394, Austin, TX, USA) to a personal computer for storage and analysis. Measuring light pulses were applied at low frequency (about 1 Hz) for measurement of initial Chl fluorescence, F o images in a quasi-dark state. During actinic illumination and saturation pulses, the frequency of measuring light pulses and image capture was automatically increased to about 10 Hz. The Imaging-PAM continuously measured the current fluorescence yield (F). In the absence of actinic illumination and upon application of a 0.8-s of maximal saturation pulse (2,400 μmol m 
Determination of Chl and Carotenoids (Car) Content
0.05g of fresh leaves was cut into smaller pieces. Photosynthetic pigments of Chl and Car were extracted from these samples using dimethylformamide and quantified spectrophotometrically at wavelengths of 480, 647 and 664nm (Wellburn, 1994 ).
Measurement of g s and Leaf Temperature by Porometer
The g s and leaf temperature were measured on fully expanded leaves by clamping a portion of the leaf in the leaf porometer's chamber (SC-1, Decagon, U.S.) with a fixed diffusion path to the leaf ~ 14 ~ surface. The g s was determined via a steady state technique where the vapour pressure at two locations in the diffusion path was measured.
Statistical Analysis
For Figures 1, 3 , and 4, one-way ANOVA was used to test for significant differences among different growth irradiances, using Tukey's multiple comparison tests to discriminate the means (MINITAB, Inc., Release 15, 2007 
Diurnal Changes of PPFD and F v /F m Ratios on Sunny and Cloudy Days
These measurements were only made plants grown on the ground. PPFD was higher for plants grown under HL than LL on a sunny day at any given time ( Figure 2A , p < 0.05). There was no significant difference in PPFD between Ground HL and Ground LL at 0800h and 1800h on a cloudy day ( Figure 2B , p > 0.05). However, PPFD of Ground HL was higher than that of Ground LL for the rest of the day ( Figure 2B , p < 0.05). There was no significant difference in F v /F m ratio between Ground HL and Ground LL at 0800 h and 1000h on a sunny day ( Figure 2C , p > 0.05). F v /F m ratios of plants grown under Ground HL were lower than those grown under Ground LL for the rest of the day ( Figure 2C , p < 0.05). On a cloudy day, significant differences in F v /F m ratios were only observed between Ground HL and Ground LL during midday, that was, at both 1200h and 1400h ( Figure 2D , p < 0.05). The above measurements were repeated two more days and similar results were obtained. (Figure 3A) , ETR ( Figure 3B ) and NPQ ( Figure 3D ) followed by plants grown under Ground LL and Tree HL (p < 0.05). Plants grown on trees under LL had the lowest readings of these three variables. These results indicate that Ground HL plants had the highest capacities in utilization and dissipation excess energy. 
g s and Leaf Temperature
Higher readings of g s were recorded in plants grown on the ground and on the tree under HL than under LL during midday ( Figure 5B ). This further confirmed that increased g s could moderate leaf temperature. 
Discussion
G. speciosum orchid native to Singapore, has become extinct, mainly due to habitat loss. G. speciosum is one of the species reintroduced through our conservation programme. While light is mandatory for growth and survival in plant, the amount of light received may have a great impact on plant performance. HL intensity can cause detrimental damage to the photosynthetic machinery of plants compared to LL, especially combined with other stress factors such as drought (Lambers, Chapin III, & Pons, 2008) . On the other hand, LL intensity compared to HL conditions could reduce photosynthetic rates and a subsequent reduction in overall plant growth He & Teo, 2007; Lambers et al., 2008) . In this study, the water status of orchid plants grown on the ground and on trees under HL and LL was first determined. Midday leaf RWC was more than 80%, indicating that no severe drought stress occurred in any plant ( Figure 1B) Figure 5A ) and the highest Figure 5A ), implying that these plants had developed a mechanism to cope with water limitation. For plants grown on the ground under HL, they were able to dissipate heat quickly via transpiration through their stomata (Crawford, McLachlan, Hetherington, & Franklin, 2012) and this was supported by the fact that G. speciosum orchid plants grown on the ground under HL in an open field had much higher g s that moderated the increase in leaf temperature (Table 1 , Figure 5A ). Ground LL plants did not experience as much heat as Ground HL and thus lower leaf temperature and lower g s (Table 1 , Figure 5B ). These findings supported the role of g s in moderating leaf temperature (Hamerlynck & Knapp, 1996) .
Depending on the plant species, developmental stage, severity and duration of water deficit stress, plants may either develop tolerance by osmotic adjustment and changing cellular elasticity, or develop avoidance such as stomatal closure and reducing leaf surface area (Anjum et al., 2011) . It is predicted that drought-resistant plants maximize their fitness by decreasing both leaf size and g s to water vapor in response to limited water availability (Zangerl & Bazzaz, 1984; Donovan & Ehleringer, 1992; Dudley, 1996; Nativ, Ephrath, Berliner, & Saranga, 1999) . G. speciosum orchid plants have long, narrow arching leaves. In the present study, the highest g s was recorded at 1000 h ( Figure 5A ), suggesting that G. speciosum orchid plants had developed the avoidance of drought stress by widely opening stomata only for a short period of time in the early morning (Ort, 2001 ) to conserve water. g s modulated transpiration rate and water loss (Farquhar & Sharkey, 1982) . Zangerl and Bazzaz (1984) hypothesized that in order to conserve water, plants could adapt physiologically by decreasing g s and thereby increasing their water use efficiency (WUE, the ratio of carbon gained per unit water lost). Leaf temperature increased ( Figure 5B ) as transpiration decreased from 1000h (Figures 5A). However, Ground HL plants still had significantly higher g s compared to that of Ground LL plants, indicating these plants were able to modulate leaf temperature via transpiration. The closure of some stomata would limit CO 2 availability thereby causing photosynthetic rate to decline. In our further study with the same G. speciosum orchid plants found that decreasing g s to increase WUE concomitantly decreased photosynthesis by reducing CO 2 intake through stomata (unpublished data).
One important direct consequence of reduction in CO 2 supply is the decrease of photosynthetic electron consumption, causing a down-regulation of photosynthetic efficiency (Cornic & Fresneau 2002) . When the plants capture more light than they use in photosynthesis, especially under shortage of CO 2 supply, they are likely to undergo dynamic photoinhibition. Dynamic photoinhibition is defined as reversible reduction in light utilisation efficiency to avoid photoinhibitory damage on the photosynthetic systems (Osmond, 1994) . In the present study, Ground HL, Ground LL and Tree HL plants had reversibly reduced their light utilisation efficiency during midday. This was supported by the depression of midday F v /F m ratio in these plants ( Figure  1C ) to avoid photoinhibitory damages to the photosystems (Chow, 1994; Osmond, 1994; Osmond & Chow, 1988) . Long term exposure to high growth irradiance, a term defined as chronic photoinhibition, will result in photobleaching and chloroplast damage (Osmond, 1994) .
To investigate if chronic photoinhibition occurred in G. speciosum orchid plants, subsequently, the light utilisation efficiency on sunny and cloudy days was investigated in plants grown on the ground under both HL and LL. All plants had F v /F m ratios greater than 0.8 at 0800h although dynamic photoinhibition, the different extents of midday depression of F v /F m ratios were observed on both sunny and cloudy days ( Figures 2C, 2D) when PPFD was between 500 to 1500 μmol m -2 s -1 . HL plants had a lower F v /F m ratio than LL plants during midday of sunny day ( Figure 2C ). This suggested that these plants had experienced greater dynamic photoinhibition but completely recovered through the night as indicated by similar F v /F m ratio at 0800 h as other plants ( Figures 2C,  2D , Chow, 1994; Osmond, 1994) .
Lower ∆F/F m ' , ETR and NPQ (Figure 3 ) of G. speciosum plants that were grown on the ground and on trees under LL compared to those grown under HL, indicate that these plants had lower light ~ 20 ~ utilization. Although plants grown under HL had greater dynamic photoinhbition, these plants, however, had higher ∆F/F m ' and ETR, exhibiting their higher capacities of utilizing and dissipating light energy. Dynamic photoinhibition is the protective down regulation of photosynthesis by diversion of excitation energy away from photosystem II by increasing non-photochemical quenching, NPQ (He & Lee, 2004) . When plants suffer from photoinhibition there is an accompanied increase in Car to offer photoprotection (Armstrong & Hearst, 1996; Puthur, 2005) .
Plants adapted to LL and HL are well known to have respectively low and high Chl a/b ratio (Anderson, 1986; Anderson & Osmond, 1987) . In this study, higher Chl a/b ratio was observed in Ground HL plants than in Ground LL plants ( Figure 4C ). However, no significant differences were observed in Chl a/b ratio between Tree HL and LL plants. The low Chl content in the leaves of Ground HL plants exposed to maximal PPFD above 1500 μmol m -2 s -1 could be a result of increased Chl degradation or adaptation to HL conditions (Anderson, 1986) . Lower Chl/Car ratio ( Figure 4D ) found in Ground HL plants was due to both the lower Chl content and the increased total Car content ( Figure 4B ), indicating that when these plants were under reversible dynamic photoinhibition (reduced midday F v /F m ratio, Figures 1C, 2C) , they up-gregulated their Car level to dissipate excess photons through the xanthophyll cycle (Demmig-Adams & Adams III, 1992; Chow, 1994) . Shading improved Chl content of Ground LL plants ( Figure 4A ) and this was previously reported in Rhododendron (Anderson, Norcini, & Knox, 1991) and Euonymus (Newman & Follett, 1988) . However, there was no significant difference in Chl content between Tree HL and Tree LL plants. It may be due to other limited factors such as nitrogen deficiency which merits our further study.
Conclusion
G. speciosum orchids grown on the ground and on trees under natural conditions did not suffer drought stress. They were able to adapt both high and low irradiances and thrive well both on the ground and on trees. G. speciosum orchids were experienced high irradiances, high air temperatures and low water availability when they are conserved under natural condition without additional watering and fertilizing. These conditions impose a selection pressure on plants for stomatal regulation of transpiration to maintain water balance and leaf temperature. Photosynthetic utilization of radiant energy and non-photochemical energy dissipation in photosystem PSII provide a dynamic mechanism to reduce photodamage during midday when growth irradiances and leaf temperatures are high and partial closure of the stomata. Although plants grown on the ground under HL had more severe photoinhibition, they were able to recover quickly overnight. Higher efficiency in utilization and dissipation excess energy was tightly correlated with both Chl and Car concentrations. The findings of the present study further supported that G. speciosum orchids are growing well under different growth irradiations in Singapore (Yam, 2013) due to their different physiological acclimations to different growth environments.
